One electric organ ofanaesthetized Torpedo marmorata was stimulated through electrodes placed on the electric lobe of the brain. Nerves to the other electric organ, were cut to provide an unstimulated controL Glucose 6-[32P]phosphate was ipjected into each organ 16h beforeelectrical stimulation. After stimulationfor l0minat5Hz, the organswereremoved, homogenized and centrifuged on a density gradient for the preparation,of subcellular fractions. Stimulation increased the incorporation of 32P into phosphatidate, phosphatidylinositol and phosphatidylcholine. The increased phospatdA labp ling, but not that of the other two lipids, was seen in fractions'rich in synaptic vesicles tiulation had no effect on ATP labelling. The phosphatidate content of most fractions fell slightly after stimulation, but amounts of other phospholipids were not affected.
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There is a change in the rate of metabolism or turnover ofcertain phospholipids when the tissue in which they occur is stimulated by drugs, hormones, transmitter substances, electrical pulses or other means. With some exceptions the effect appears to be confined to phosphatidylinositol and its 'precursor, phosphatidic acid. Usually, the diacylglyerol bckbone of both' molecules is conserved. Since ihe first observation ofa phospholipid effect (fokin & Hokin, 1953) , a large number of tissues have been shown to exhibit such a response to stimulation tor reviews, see Hawthorne, 1973; Michell, 1975) , but the phenomenon has eluded satisfactory explanation.
In nervous tissue the'effect appears to be connected with synaptic transmission' rather than neuroconduction (Hokin & Hokin, 1958; Lirrabee et al., 1963 ).
An enhanced turnover of phosphatidic acid and phosphatidylinositol can be induced in synaptosomes prepared from guinea-pig or rat brain by stimulating with acetylcholine (Schacht & Agranoff, 1972; Yagihara & Hawthorne, 1972; Widlund & Heilbronn, 1974) , K+ ions (Hawthorne & Bleadale, 1975) or electrical pulses . In electrical stimulation of synaptosomes, the enhanced phosphatidate turnover is synchronous with release of transmitter substance, and both enhanced turnover and release require Ca2+ (De Belleroche '& Bradford, 1972 . This suggests that an increased metabolism of Present address: Neuroscience Laboratory, Univer.
sity of Michigan, Ann Arbor, MI 48104, U.S.A. § To whom reprint requests should be addreed. Vol. 158 phosphatidate accompanies the presynaptic events of synaptic transmission. At least part of the increased incorporation Of 32p1 into this phospholipid during release' of acetylcholine from synaptosomes in response to electrical stimulation is associated with synaptic vesicles . Its role here may be concerned with maintaining the balance between vesicular and cytoplasmic acetylcholine during transmission (Widlund & Heilbronn, 1974) or else' with the release process itself.
However, a precise characterization ofthe relationship between synaptic transmission and the phospholipid effect in brain is hampered by the presence of several different transmitter substances, many cell types and the consequent impurity of derived subcellular fractions. Some of these difficulties may be overcome by studying less complex synaptic tissues. The electric organs of Torpedo and other electric fish are examples of such tissues and consist of predominantly two cell types, the electroplaque cells and their innervating cholinergic neurons. The present study was undertaken to determine whether a phospholipid effect accompanied discharge of the electric organ of T. marmorata in vivo and if so, to ascertain its subcellular location.
Experimental

Materials
The sources ofmost ofthe chemicals used here have been previously described (Yagihara et al., 1973; Widlund & Heilbronn, 1974) [y-32P]ATP was prepared as described by Glynn & Chappell (1964) Germany) operating at 14000rev./min for 90s. Homogenates were diluted with ice-cold 0.4M-NaCl (0.6ml/g of tissue) and filtered through cheesecloth (1 mm gauge). The filtrates were now re-homogenized in either an Aldridge (Aldridge et al., 1960) or a Potter-Elvehjem homogenizer (radial clearance 0.15mm, 840rev./min, 12 strokes) and then centrifuged (lOOOOga, for 30min). The pellet (P1) was discarded and the supernatant (Sl) fractionated further as shown in Scheme 1. This method is based on the work of Israel et al. (1968 Israel et al. ( , 1970 . The NaCl in the density gradient is added to maintain iso-osmoticity with elasmobranch plasma.
Characterization ofsubcellularfractions
The following enzyme and chemical assays were used to examine the composition of subcellular fractions. Acetylcholinesterase (EC 3.1.1.7) was assayed as described by Ellman et al. (1961) ; this enzyme is concentrated in the innervated electroplaque plasma membrane (cf. Couceiro et al., 1955) . Rotenone-1976 The Biochemiical Journal, Vol. 158, No. 3 In each case the bar represents 500nm. The preparation of specimens followed the method of Kanaseki & Kodota (1969 sensitive and rotenone-insensitive NADH-cytochrome c oxidoreductase (EC 1.6.99.3) were determined by the method of Duncan & Mackler (1966) , as markers for mitochondria and endoplasmic reticulum respectively. Occluded (apyrase-resistant) ATP was assayed by the firefly luciferin-luciferase method (Stanley & Williams, 1969) as modified by Dowdall et al. (1974) after release of ATP from fractions by treatment with 0.lvol. of 0.25M-HClO4. Occluded ATP can be considered a synaptic-vesicle marker (Dowdall et al., 1974) . Acetylcholine was assayed as a synaptic-vesicle marker by using the leech dorsalmuscle bioassay as described by Szerb (1961) or the guinea-pig ileum bioassay (Blaber & Cuthbert, 1961) .
No eserine was present and thus acetylcholine in the cytosol was hydrolysed by acetylcholinesterase. Vol. 158
Extraction and analysis of lipids Lipids were extracted from acid-precipitated subcellular fractions by using neutral chloroform/ methanol mixtures. These methods and the subsequent chromatography were described previously (Yagihara et al., 1973) . Lipid spots on thin-layer chromatograms were removed and digested in 72% (w/v) HC104 (0.7ml, 180°C for 60min). The volume of each digest was made up to Sml with water and samples were then taken for 32P determinations and total P assay (Yagihara et al., 1973) . In calculating lipid specific radioactivities, account was taken of the possibility of unequal labelling of precursors in the two organs as a result of the injection procedure. Values were corrected with respect to specific radioactivities of either phosphatidylethanolamine or ATP in the whole homogenate, both of which remained unaffected by electrical stimulation (Tables  3 and 5 ). Corrections were never more than 25 %, and were usually much less.
Other methods ATP specific radioactivity in whole homogenates was determined as described elsewhere . Protein was measured by the method of Lowry et al. (1951) , with bovine serum albumin as a standard. Phosphate was determined as described by Bartlett (1959) , but half-quantities were used.
Results
Distribution of enzyme and chemical markers
Since earlier work had indicated that at least part of the phospholipid effect associated with synaptic tissue was localized to synaptic vesicles (Yagihara et al., 1973; , the fractionation procedure used in the present study was devised primarily to yield a fraction enriched in synaptic vesicles.
Both acetylcholine and ATP were previously shown to be within synaptic vesicles derived from Torpedo electric organ (Heilbronn, 1973; Whittaker et al., 1972; Dowdall et al., 1974) . In the present work, determinations of occluded ATP and acetylcholine, as well as electron microscopy (Plate 2), indicate that synaptic vesicles are present in fractions 3-6 (Scheme 1), but that the fractions are increasingly contaminated with other membranes (Table 1) . Fraction 4, in agreement with Israel et al. (1970) , contained much the highest total amount of bound acetylcholine, though the peak concentration of ATP was in fraction 5. This is probably due to overloading of the gradient. Experiments with lower concentrations of tissue show acetylcholine and ATP peaks in fraction 4. Fraction 6 in particular appears to be enriched in both plasma membrane and endoplasmic reticulum when compared with the whole tissue. These data imply that much of the phospholipid-metabolizing capacity of fraction 6 (below) can be ascribed to microsomal elements rather than synaptic vesicles. Most mitochondria are discarded along with fraction P1, and the rotenone-sensitive NADH-cytochrome c oxidoreductase activity found in fractions 1-8 was not associated with whole mitochondria (shown by electron microscQpy; A. Hedberg, G. Toresson & J. E. Bleasdale, unpublished work). Presumably, the harsh homogenization required to release synaptic vesicles also disrupts some mitochondria.
Phospholipid composition ofsubcellularfractions Table 2 shows the phospholipid composition of electric-organ subcellular fractions. Only the lipids shown were analysed. These values were obtained by measuring total phosphorus in all spots on twodimensional thin-layer chromatograms, except the origin and two unidentified lIpids (RF in the first direction, 0.25, 0.27; RF in the second direction, 0.05, 0.05), which together accounted for 2-5% of total lipid P. Since phosphatidylserine and phosphatidyl- Hawthorne, 1973) . Two exceptions in the present work may be lysophosphatidylcholine and phosphatidylglycerol/ cardiolipin. Here, large increases in 32p incorporation after discharge were detected in fraction 5-In analogous experiments, no such effects on the turnover of these lipids couild be detected in a synaptic-vesicle fraction prepared from synaptosomes stinulated either electrically (Yagihara et al., 1973; Widlund & Heilbronn, 1974) . Further investigation of these two effects was made difficult by the relatively low yield of fraction 5 and poor basal incorporation into these lipids. The specific-radioactivity changes recorded in Table 4 for phosphatidate and phosphatidylinositol+ phosphatidylserine, however, could be measured more accurately because of better 32P incorporation. Phosphatidate and phosphatidylinositol+phospha-tidylserine together accounted for over 65 % of total 32P-labelling ofphospholipids. By far the most readily labelled lipid was phosphatidate. During organ discharge the specific radioactivity of whole-tissue phosphatidate rose by 27%, and much of this increase appears to be localized in fractions 4, 5 and 6, which are richest in ATP (Table 1 ). The statistical significance of these changes is shown in Table 4 . Organ discharge also increased labelling of phosphatidylinositol (+phosphatidylserine), but these changes were more variable. The fraction showing greatest stimulation was fraction 7, which was relatively rich in endoplasmic reticulum. The data suggest that the subcellular sites of the phosphatidate effect and the effect on turnover ofphosphatidylinositol (+phospha-tidylserine) are not the same.
There appears to be little doubt that the latter effect is in fact on phosphatidylinositol turnover and not on that of phosphatidylserine. Although phosphatidylinositol formed only 41 % (three experiments) of the lipid P in this combined lipid fraction, it accounted for 78% of the 32P incorporation (two experiments). In a single experiment, phosphatidylserine turnover, measured separately, appeared to be unaffected by discharge. The combination of the two phospholipids for analysis means that the effect on phosphatidylinositol turnover has been underestimated.
Although phosphatidylcholine in resting tissue was not particularly well labelled (Table 4) , the effects on turnover produced by organ discharge were sufficiently large to be measured with some certainty. Pronounced stimulation ofphosphatidylcholine turnover was detected in fractions 2, 6 and 7. Two of these changes were statistically significant, whereas the third and largest effect, occurring in fraction 7, had marginal significance. The subcellular location of increased phosphatidylcholine labelling resembled that of the phosphatidylinositol effect more closely than that of enhanced phosphatidate turnover.
Effect of organ discharge on precursor specific radioactivities Although 32P was administered to fish as glucose 6-p2P]phosphate, it iS [32P]ATP that eventually provides the radioisotope entering phospholipid metabolism. It was therefore decided to see if the major effects on phospholipid turnover induced by Vol. 158 (1) 525±131 (3) 9.71+4.1 (3) 3.1
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organ discharge were secondary to changes in pre. cursor specific radioactivity. Table 5 suggests that this is not the case, and is in keeping with other studies ofthe phospholipid effect where this parameter has been measured (Michell, 1975; . No statistical significance could be attached to the small (<20%) increase in ATP specific radioactivity of homogenates following discharge, but such a change could explain the slightly enhanced labelling of total phospholipid in most subcellular fractions (Table 3) . Discussion Early studies of the phospholipid effect in nervous tissue all indicated that the phenomenon was likely to be concerned with synaptic transmission rather than neuroconduction (Hokin & Hokin, 1959; Krnjevic & Phillis, 1963; Larrabee et al., 1963) . Since then, various workers have observed that synaptosomes exhibit a pronounced phospholipid effect in response to a variety of stimuli (Schacht & Agranoff, 1972; Widlund & Heilbronn, 1974; . These reports are compatible with a presynaptic role for the phospholipid effect in synaptic transmission, a view which is strengthened by the finding that at least part of the effect is confined to synaptic vesicles (Yagihara et al., 1973; . However, the heterogeneity of mammalian synaptosome preparations, and the unphysiological nature of the stimuli used in earlier studies, restricts their relevance to synaptic transmission in vivo.
In the work reported here, only the length of discharge (10min) may be questioned as unphysiological. The tissue itself is ideally suited for studying cholinergic synaptic transmission. The bilateral electric organs of Torpedo are believed to have developed embryologically from muscle. In T. marmorata they may constitute 20% or more of the total body weight. They consist of vertical stacks of hexagonally shaped cells (electroplaques), each of which is richly innervated on its ventral side. The cholinergic nerves providing the innervation arise from cell bodies in the lateral-line (electric) lobes of the brain and pass in four large bundles between the gill arches to each organ (Fritsch, 1890) . Since the nerves go to only one surface of each electroplaque, the asymmetric. depolarization that they produce leads to a potential difference across a single electroplaque which when summed over a vertical column of such cells may reach as much as 50V in T. marmorata (Grundfest, 1957) . On the basis of previous work with syniptosomes, it is assumed that any effects on phospholipid turnover in the electric organ are occurring in the nerve endings rather than the electroplaques. Since the results of Zimmerman & Dowdall (1975) have indicated that it is possible to separate synaptosomes from electric organ of neonatal Torpedo, this assumption could be tested.
Electric-organ phospholipids
The amounts of each phospholipid present (Table  2 ) are in the range found for other synaptic tissues (cf. Eichberg et al., 1964; Rouser & Yamamoto, 1969; Yagiharaetal., 1973; Breckenridge et al., 1973) , with the possible exception of sphngomyelin and the lyso compounds. The unexpectedly high sphingomyelin content warrants confirmation of identity on the two-dimensional thin-layer chromatograms. The RF values in both dimensions are those ofan authentic sphingomyelin sample, and the spot is Dragendorffpositive (Kates, 1972) . The possibility remains, however, that the spot may contain another contaminating lipid. Bartels & Rosenberg (1972) analysed for phospholipid the main and Sachs electric organs of the eel Electrophorus electricus. Here, phosphatidylcholine plus phosphatidylethanolamine accounted for about S0% of total lipid P. In the present study these lipids form only approx. 50% of recovered lipid P, but together with their lyso derivatives this value becomes about 72 %. With electric tissue from Electrophorus only small amounts of lyso-lipids were found (Bartels & Rosenberg, 1972) . Baker et al. (1975) found only 0.4 % lysophosphatidylcholine in Torpedo synaptic vesicles. It seems likely that lyso compounds are formed from plasmalogens during the fractionation -or acid extraction procedures in the present work.
Phospholipid labelling
The experiments described in the present paper show that during discharge of Torpedo electric organ, -there is an enhanced turnover of certain phospholipids. With the exception of phosphatidate, the total amount of such phospholipid is unaffected by discharge. The decrease in phosphatidate obseprved during discharge resembles a similar decrease in synaptosomal phosphatidate after stimulation with acetylcholine (Yagihara et al., 1973; Schacht & Agranoff, 1974) . The magnitude of the phospholipid effect in electric tissue is of the same order as that for mammalian brain, and much smaller than that for other tissues such as pancreas (Hokin, 1968) . The increased incorporation of 32p into phosphatidylinositol during discharge is somewhat higher than the enhancement observed with synaptosomes. However, the greatest difference between the present work and previous work with synaptosomes is the large increase in phosphatidylcholine turnover evident here but totally absent in synaptosomes (Widlund & Heilbronn, 1974; . Work. with electric tissue in vitro also revealed a substantially increased phosphatidylcholine labelling on stimulation with either acetylcholine or electrical pulses (Rosenberg, 1973) . It is difficult to decide whether this effect is due,to enhanced turnover or net synthesis, since basal labelling is so poor that the synthesis of only a little new and highly labelled phosphatidylcholine would greatly change the specific radioactivity without apparently changing the pool size. The raised diacylglycerol concentration accompanying the _phospholipid effect in other tissues as a result of increased phosphatidate hydrolysis (Schacht & Agranoff, 1974) or phosphatidylinositol hydrolysis (Hokin-Neaverson, 1974; Jones & Michell, 1974) may be sufficient to stimulate phosphatidylcholine synthesis. I,t has already been suggested that increased cell permeability may result from stimulation of a phospholipase hydrolysing phosphatidylcholine (Heilbronn, 1972) . If after hydrolysis, lysophosphatidylcholine is not recycled, but is itself hydrolysed, the replacement phosphatidylcholine synthesized after the permeability change should be labelled with 3 P. In such a mechanism, enhanced phosphatidylcholine turnover differs from that of phosphatidate and phosphatidylinositol, as the diacylglycerol backbone is not conserved. Rosenberg (1973) has indeed shown that electrical stimulation of isolated columns of electroplaques from Electrophorus increases incorporation of 14C from glucose into phosphatidylcholine much more than into other lipids. AbdelLatif et al. (1976) showed that higher (1-10mm) concentrations of cholinergic or adrenergic trar,smitters increased the 32p labelling of phosphatidylcholine in iris muscle.
Subcellular localization ofphospholipid changes
The most pronounced changes in phosphatidate labelling on stimulation of electric organ were.seen in fractions 4, 5 and 6 (Table 4) . These fractions all contain synaptic vesicles (Plate 2) and have the highest concentrations of bound ATP (Table 1) . Fraction 4 has the highest concentration of bound acetylcholine. The phosphatidate results are consistent with our previous suggestion that stimulated labelling of this phospholipid occurs in the synaptic-vesicle membrane, but they do. not -provide proof, since other 1976 membranes are present. Vesicles prepared by zonal centrifugation (Dowdall et al., 1974) can be much purer, as indicated by their acetylcholine content (680-1200nmol/mg of protein). Zonal methods were not used in the present work because ofpossible radioactive contamination.
Although the increased labelling of phosphatidate which accompanies stimulation of electric organ seems to be associated with synaptic-vesicle fractions, the corresponding phosphatidylinositol labelling is most obvious in fraction 7. This fraction is rich in endoplasmic reticulum, to judge from rotenoneinsensitive NADH-cytochrome c oxidoreductase (Table 1) . Fraction 6, however, which is also enriched in this enzyme, showed no phosphatidylinositol effect. Phosphatidylinositol synthesis is likely to occur on the endoplasmic reticulum, and in our earlier study with brain the increased labelling of this lipid was seen in a fraction richer in such membranes than in synaptic vesicles (Yagihara et al., 1973) . The most marked increases in phosphatidylcholine labelling were seen in fractions 6 and 7, suggesting that synthesis of this lipid is also associated with endoplasmic reticulum.
